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COMPARISON OF PHOTON-STIMULATED DISSOCIATION OF GAS-PHASE, SOLID AND

CHEMISORBED WATER

David E. RAMAKER *

Surface Science Diwsion, National Bureau of Siandards, Washington, DC 20234, USA
and Cherusiry Depariment ™, George Washingion Universiry, Washingron, DC 20052, USA

Received 28 February 1983

Recent clectron- and photon-siimulaied desorption (ESD /PSD) data for H,0 in the condensed phase and chemisorbed on
GaAs(110) and Ti(001) are inerpreted utilizing previously published pholoemission, electron coincidence and Auger data
along with theoreucal calculations. Comparison with fragmentation data from the gas pbase indicates that only two hole-one
eleciron type siates are effective for desorpiion in condensed or molecularly chemisorbed hvdrogen bonded water. The 1b-!
excitatior.. which effectively dissociates H.O gas via predissociation. is ineffective in the condensed phase because of the
presence of intermolecular decay mechanisms which compeie with the predissociation process. Hvdrogen bonding reduces the
effectiveness of tht “2a5 '™ excitation for H* desorption. The 1b; 34, and 1b7 '3a; 142, two bole-one electron siates are
sufficiently Jong lived: occupation of the strongly antibonding 4a, orbital also makes them repulsive. These properties make the
two hole—one electron sunes the most persistent for B~ desorption from the B .0 phases studied. The core level PSD spectrum
from solid D;O 1s also jpilerpreted. All of the resulis are found 10 be comparable 10 previous,reporied results for CO.

1. Introduction

Recent comparative investigations of dissocia-
tion processes in gas pbase. condensed (solid) and
chemisorbed CO [i.e. CO(g), CO(s) and CO/
Ru(001) or CO/Ni(100)] revealed several mecha-
nisms are responsible for dissociation of CO [1].
Major differences in the ion vield spectra were also
revealed. These differences were attributed to ad-
sorbate—sustrate and adsorbate—adsorbate interac-
tions providing for additional aliernative decay
mechansims of the excited states which initiate the
dissociation or desorption [2). Identification of the
excited states responsible for dissociation indicates
they possess widely different electronic character
and hence anse from widely different excitauon
mechanisms [3). To further understand these
mechamsms. and the role of covalent interactions
on these mechanisms, further investigations are
needed.

* Supporied in part by the Office of Naval Research.
** Permanent address.

In this work, details of a similar comparative
investigation of dissociation processes in gas phase.
condensed and chemisorbed H,O are reported.
This investigation is made possible by recent re-
ports of PSD daw for H,O(s) [4.5). H.O/
GaAs(110) [6}). and H.O/Ti(001) [7). Recent pho-
todissociation data [8,9]. electron-electron and
electron-ion coincidence data [(e, 2e) and (e. e +
ion)] [10). and theoretical interpretations of pboto-
emission data for H,O(g) [11] also make this de-
tailed comparison possible at this time. Results of
this comparison are given in section 3 and dis-
cussed in section 4. Comparison of the results with
those found for CO. and conclusions from these
investigations, are given in section 5. To assist in
the PSD data analysis. a detailed investgation of
the valence-orbital structure in the H.O svsiems
involved is presented in section 2.

A general review of electron- and pboton-
stimulated desorption processes in molecular and
jonic svsiems, and for chemisorbed systems. has
recently been published [12). ip-eevalent systems.
at -least ‘three- mechanisms have- been -identified
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{#3]. ln covalent systems, at least three mecha-
nisms bave been identified [3]. They can be cate-
gorized by the character of the excitation igitiating
the desorpuon or dissociation. A one-electron
Franck-Condon excitation resulting in a one-hole
or one hole-one electron excited state (1h or lhle
state) initiates desorption if the excited state is
sufficiently repulsive and long lived. This is known
as the Menzel-Gomer-Redbhead model [13). In
ionic sysiems, the Knotek-Feibelman model indi-
cates a core-hole Auger decay creates a2 two bole
(2h) state which initiates desorption via the rever-
sal of the Madelung potential [14]. In exiended
covalent svstems. the 2h state is sufficiendy long
lived onlv if the effective hole-hole repulsion, U,
is greater than the corresponding covalent interac-
tion, V (i.e. U*> V) [15]. Ib isolated small mole-
cules, the 2h state frequently initiates a Coulomb
explosion [16]. Finally, two hole~one electron
(2hle) states may ako initiate desorption or dis-
sociation [1]. Within the sudden approximation
and configuration interaction (CI) theory [11,1)
these staigs derive their”excitation probability by
configuration mixing with 1b ionic states nearly
degenerate in energy. For CO/Ru, the 2hle states
are the most important for O™ and CO™ desorp-
tion [1}. In this work, the dissociation processes in
the various H.O phases studied will be examined
with a view toward identifying the specific ionic
states initiating the dissociation, and hence toward
determining which models are active in each phase.

2. H,0O valence electronic structure
2.1. Occupied orbitals

The valence electronic structure pof H,O(g) has
been well swudied both theoretically and experi-
mentally. The one-electron orbitals, labeled
according 10 C,, symmetry, are schematically indi-
cated in fig. 1. Orbital energies can be determined
from the X-ray and ultraviolet pbotoemission (XPS
and UPS) data in fig. 2 [17-20]. In the deep
valence region, the 2a, orbital is largely of O(2s)
parentage (74%). and consequently is often char-
_acterized as a “core” orbital [17). However, energy
considerations reveal the 23, orbital contributes
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Fig. 1. Results of sam-empenul LCAO MO calculstions sum-
marizing the molecular-orbital energy levels for the various

H,0 structures indicared [29). MO binding encrgies are given
relative 10 the vacuum. The H,O orbitals are indicated sche-
matically and labeled in the C,, point group. The 4a, and 2b,
orbital energies are oblained from experiment [49).

about 20% to the total H~O bond energy [20). The
1b, orbital contributes most of the remaining bond
energy and is characterized as a bonding orbital.
The 3a, and 1b, orbitals may be characterized as
oxygen lone-pair orbitals. Unoccupied or virtual
orbitals include 8 weakly antibonding 2b, orbital
and strongly amibonding 4a, orbital

The valence electronic structure of condensed
or solid H,O (ice) has also been well characterized
[17,18,21-25). Recently. the manv experimental
and theoretical papers have been analyzed and
condensed to give the overview presented in fig. 3.
Hexagonal ice is obtained for temperatures above
173 K; below 153 K cubic ia is formed. Con-
densation of water vapor kept below 123 K Jeads
to amorphous ice [23]. The effect of these different
crystalline forms on the XPS. UPS and UV
absorption spectra appears to be nearly negligible,
mdwd even the differences between H,O(g) and

H,0(s) are re]anvelv small. Small shifts in the
ionization potentials (IP(gas) — IP(solid)=1 eV)
have been indicated [18]). These bave been attn-
buted largely to relaxation or polarization energy
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Fig 2. Comparisor of phoiocmission spectira from (H,0), /Ti
[7). (H;0),. /GaAs [40). (H,0), /Pr [28), HyO(s) at A» = 50
eV [7] and MgKa [17) and H,O(g) at h» =132 eV {20] and
MgK a [17]. The binding-energy scale is relative 1o the vacuum
for H.Oug). the remaining spectra (except for OH/Ti) bave
been shifted siightly for alignmen: of the 1}, peak. The lines
under the 2a, peak in part (d) indicate the intensities of the
vanious satelliie contributions as determined from the Cl calcu-
lauons of Arneberg et al [11). The numbers on these lines
correspond to those ip table 1, not those in ref. [11).

differences between the vapor and ice phases, since
bvdrogen bonding is expected to shift some of the
levels in the opposite direction [18]. The most
important difference beiween the vapor and ice
spectra evident in fig. 2 is the large broadening of
the 3a, orbital due 10 hydrogen bonding. The large
width of the 2a, peak in both the gas- and solid-
phase spectra of fig. 2 reflects the Franck-Condon

- envelope and the addition of satellites also of large

width 1o this peak. Fig. 3 indicates however that

BAND STRUCTURE FOR BULK ICE
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Fig. 3. Experimens. Elecuron energy Jevels of bulk ice as de-
duced by Roscaberg et a! [4). from experiments reporied ic the
liverature. Theory. Results from the band-structure calculations
of Parravicini and Resca {24) and reported in ref. [4).

all three of the a, bands are broadened in H.OXs)
from hydrogen bonding.

The large broadening of the a, orbitals, and
apparent lack of similar broadening of the b, and
b, orbitals, i1s of general interest, but it is
paramount 10 an understanding of the PSD H~
yield to be discussed in section 3. Ab initio calcu-
lations on H,0 dimers indicate the a, orbitals
facilitate electron motion “longitudinal” or paral-
Jel to the O-O or H bond axis. where as the
non-a, orbitals allow electron motion oniv in a
direction perpendicular or *transverse™ 1o the H-
bond axis [26.27]. In the context of MO theory. the
matrix elements coupling pairs of a, orbitals are
larger than for pairs of non-a, orbitals. Thus even
in linear H,O dimers. the bonding and antibond-
ing a,-orbital combinations show a large energv

L e . m oA e T
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separation (2-5 eV) [27]. In band calculations [24),
this broadening is referred to as “Davydoy splii-
ung” from interaction between two molecules of
different onentation in the unit cell, but its source
1s the same.

The chemisorption of H,O op many metals s
smowwie has little effect on the H.O UPS spectrum
{28). indeed the differences in the UPS peak
energies between H.O/Pt and H,O(g) are less
than beiween H,O(s) and H,0(g) (fig. 2). This
indicates along with other data [29-39] that the
water is molecularly chemisorbed. the bonding to
the surface occurring through the oxygen atom.
Semiempirical LCAO MO caiculations indicate the
bonding occurs through the O lone-p#j orbitals
(fig. 1) [29.30]. The theoretical results in fig. ]
predict a larger shift than the UPS spectrum indi-
cates however. The broadening of the a, UPS
bands for H,O/Pt indicates hydrogen bonding
also occurs on the surface. Recent studies for H,0
on Ru(001) [31,32); W(100), P1(100) [33], Py(111)
[34). Cu(100) [35] and Rh(111) [36] all indicate
molecularichemisorption to the metal through the
O atom. but with island formation also occurring
as a result of bydrogen bonding.

Specific models for tbe structure of H,0 clus-
ters adsorbed in vacuum on metal surfaces, as well
as for bulk ice, have been proposed; some are
more convincing than others. Comprehensive stud-
ies ¢f H.O/Ru(001) utilizing UPS, electron-stim-
ulated desorpuiop ion angular distributions
(ESDIAD), low-energy electron diffraction
(LEED). thermal desorption mas§ spectroscopy
(TDMS), electron energy loss spectroscopy (EELS),
angle resolved EELS. and Auger electron spectros-
copy (AES) reveal the formaton of a bilayer of
hvdrogen bonded H.O [37,38]. The model con-
sistent with the data indicates the first layer con-
sists of H,O molecules bonded to tbe surface via
the O atom, with H atoms pointed symmetrically

“away from the surface. The second layer has each

O atom hvdrogen bonded to a hydrogen atom in
the first laver. and one H atom of each H,0 in the
second laver H-bonded 10 an O atom in the first
laver. This leaves the remaining H atom pointed
outwasrd almost perpendicular to the surface
{37.38]. A rather different structure bas been pro-
posed for H.O/P1(100), namely a cvclohexane-like

D.E. Ramaker / Phoion -sumulaied du:oaa:wn of H,0

structure with many of the first laver molecules
hydrogen bonded 10 the Pt surface [33). Al low
coverage. most of the H.O in the bexamer form
P1-O bonds, but these bonds break as the cover-
age increases. These structures can be compared 10
the surface structure of ice. In amorphous ice. six
types of sites are distributed over the surface. three
with the hydrogens pointed out. three with the
hydrogens in [4]. However. the bydrogen out sites
seem 10 be thermodynamically favored, and in any
event the ESD awtive sites are 'apparently only
those with the H atoms pointed out [4.31). In
epitaxially grown ice multilayers, a similar surface
structure has bee. proposed (i.e. half of the mole-
cules have the H atoms pointed outward) [37].
How dependent the ESD /PSD H*-ion yields (i.e.
the desorption mechanism) might be on the surface
structure is not yet clear. An important conclusion
of this work is that the ion yields are at least
dependent on the existence of hydrogen bonding
on the surface, and hence probably also on the
structure. The ion angular distributions (ESDIAD)
are known to be dependent on surface structure,
this technique has been used to study the surface
structure of H,O on clean Ni(111)[39] and Ru(001)
[31,38), and for H,O coadsorbed with O on Ni(111)
[39] and Ru(001) {38].

UPS data for H,O chemisorbed on a semicon-
ductor such as GaAs(110) {40] (fig. 2) indicate the
H,0 is molecularly chemisorbed through the O
atom also in this case. The bonding through the
lone-pair orbitals is clearly indicated in this system
by the negative shift of the 1b, UPS peak by = 1.0
eV. On other semiconductor surfaces such as
Si(100) and Si(111), the UPS data suggest that at
room temperature H.O molecularly chemisorbs
here also; however, EELS data clearly indicate
that H,O dissociates to give Si~-H and Si-OH
bonds at this temperature {41). This difference
between the Si and GaAs system suggests a com-
parison of the H* PSD spectra would be most
revealing. unfortunately the author is not aware of
any PSD data for H,O/Si in this spectral range.

In contrast to the metals and semiconductors
discussed above, H.O dissociates to form H(ads)
and OH(ads) on Ti(001) even a1 90 K [7]. This is
evident from the very different UPS spectrum
shown in fig. 2. The 1b, and 3a, H,O orbitals are

o e 3 ,_\~,'.-.<.;-J
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now merged in10 a 1= OH orbital. and all of the
valence orbitals are shifted up in energy. This
energy shift is believed to anse from a relaxation
energy difference: i.e., the OH-M interaction is
much stronger than the H,O-M interaction. Some
intensity under the “I= " peak at 10 eV bonding
energy is believed to originate from atomic oxygen
on the surface (i.e. coming from completely disso-
ciated H.O). but this is not expected 10 apprecia-
bly alter the PSD H™ ion vield. The presence of
O. OH and H on the surface indicates the H,0
exposed surface might best be referred to as
(H.0)4/Ti (where ‘d’ refers 1o dissociated) rather
than OH/Ti. This (H,0)/Ti nowation is used
throughout this paper. For molecularly cbemi-
sorbed systems, (}5,0),, is used (where m refers to
molecular). o

Fig. 1 shows the results of theoretical calcula-
tions for OH + H oo Fe(100), where the H,O is
also known 10 dissodiativelv chemisorb {42]. These
calculations indicate Fe is more reactive than Pt
toward H.O because the Fe orbitals are more

L Sl A i e e aran Ay

non of H,0

diffuse, and because the Fe s—d band lies further
away from the H.O energy levels causing the
H,O-Fe antibonding orbitals to be emptied [29).
This 1is also expected 10 be true for Ti. The small-
cluster calculations of fig. 1 do not show the larger
relaxation energy which decreases the binding en-
ergy of the 1= and 30 orbitals. Finally, note that
the 2b, orbital becomes the Fe-H bond orbital
which is predicied to be between the 1= and 3o
orbitals [29]. A slight shoulder appears in the UPS
spectrum just below the Iz peak, but its source
cannot be definitely determined.

Ir section 1, the importance of the 2hle states
1o the dissociation process was briefly discussed.
These states may produce satellites in XPS or UPS
spectra; they derive their intensity from correla-
uon mixing with lb siates of approximately the
same energy [43,46). In H,O(g), these satellites
introduce a weak structure between 25 and 30 eV
birding energy, and also cause an asymmertric
lineshape for the 2a; ! peak [11) (fig. 2d). Reported
(e. 2¢) measurements, which simulates the photo-

Table 1
H .0 UPS satellite results (£, is the binding energy relative 10 vacuum; / is the percent inwensity of;2a7 ! peak)
A, suates Ey/i
(dominant configuration) a) b) ) d) o
OB’
(1) 1b; '3a] 'a, i if r-X g
1. .
. 29.11 2724 27.02
) Tby"4a, 6.8 66 0.68 e
. s 2295 3229 3020
3 3374, S = i
33.48 3).48 32.7 324
4 27 100 ) 700 100 M
34.30 338
(5) 35,"1b,"2b, TB— 35
- 372) 35.37 35.18 37
(6) 3i] lb: 2b-_~ —20— -—1-6— T v,
S 37.85 5.9 35.39
) 32,71k 20 747 Ta K3l
, 3975
(8) 3a7 167 '2b. =5

(9) 3a7'1b7 '4b.

a) Arneberg et al [11]. SCF CI sudden approximation (1700 ionic configurations): numbers at left refer 1o fig. 2d.
b) Agres and Siegbahn [45). SCF Cl sudden approximation (62 configurations).

¢) Cederbaum [46]. ope-paniicle Greens funcuon.
. &) Mishra and Ohrr [48), 2ph Tamm-Danco!f aproximauon.
e Lecierc ev al [49). LCAO MO SCF.
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emission process. also show the structure around
25-30 eV [44). In these (e. 2¢) data. a clear shoulder
appears below the main 2a7' peak. Fig. 2 indi-
cates the major 2hle satellites as determined from
an SCF Cl calculation utilizing 1700 configura-
tions appropriate to the H,O~ ionic state, and the
sudden approximation [11). The identiues of the
major numbered satellites are given in table 1
along with the results of other calculations [45-49].
Four other calculauons have been indicated in the
literature utilizing one-particle Green’s functions
{46). the 2pt Tamm-Dancoff {48} approximation.
and LCAO MO SCF calculations [49). as in%ted
in table 1.

It must be noted that the states are identified
by the dominant 2hle configuration contributing
to 2 many-electron Cl-type wavefuncuon. Within
the sudden approximation, the relative intensities
are delermined by the amount of mixing with the
227! state [11). The fesults are basis-set dependent
as well as method dependent. In spite of this, the
results are reasopably similar for the major satel-
Lites. .
Most important, from the viewpoint of interpre-
ting the PSD spectra. is the existence of just one
major satellite of A, svmmetry apove the “2a7'™
peak. This is probably the source of the satellite
structure in the UPS spectrum around 25-30 eV.
A satellite of B, svmmertry (but with an intensity
100 small 10 be observed in UPS) is also expected
in this regiop as indicated by the theoretical results
of Leclerc et al [49). The *2a7'” peak consists of
manyv 2hle states, the mos! umporiant being the
327 %4a, state around 32 eV, and several minor
ones above 34 eV. Throughout the remainder of
this work. all of the states above 32 eV will be
referred to collectively as the *“2a7'” spectro-
scopic state. The 1b;'3a7'4a,, 1b;%4a,. and
“Za7'” states will be considered further in section
2. The existence of intensity between 25 and 30
e\". and the asymmetry of the *“2a; ' lineshape in
the UPS spectrum for H.O(s) and H,O /Pt (fig. 2).
indicates these same 2hle satellites exist in these
svstems.

2.2. Virtual orbitals

Since manyv of the 2hle states mentioned above

" involve the 4a, virtual orbital. and since many of

A - N A . Taw - B v L . S
TP RS L ST VNI VL Y VU VP U o

these 2hle states will be shown 10 be important in
H,0 dissociation, the characier of the 4a, orbital
needs to be examined carefully. Outer valence
orbital (1b,, 33,. 1b,;) and K level photoabsorp-
uon data {50), partial-channe! photoionization data
[50.51). and electron impact data [52.53] (the latter
two involving all the valence levels and the O K
level) have been reported. The O K level electron-
impact spectrum is shown in fig. 4d [53). These
data consistently show an initial broad intense
peak (peak 1 in fig. 4d) followed by parrower
peaks (peaks 2—-4 in fig. 4d). Theoretical calcula-
tions attribute this initial peak 10 excitation into a
state with mixed characuer; i.c. a 3s Rydberg orbital
mixed with the 4a, antibonding virtual orbital
[49]). Calculations also show an interesting change
in the character of this state with the O-H bond
length. At small O-H bond lengths this state is
largely 0(3s)-like, while at large separations it is
primarily 4a,-like [49,54). Nevertheless, the large
Franck-Condon envelope of peak 1 suggests that.
at the equilibniurm bond length. this orbital is
rather strongly antibonding. Perhaps most con-
vincing of its antibonding character, it is known
that the resonant excitations, 1b;!— (3s, 4a,),
3a7} = (3s,4a,) and 1bs ' (3s, 4a,), all result in
dissociauon of the H,O molecule to produce the
OH and H radical fragments [50]. This is true even
though iomization from the 1b;' or 3a7' orbitals
does not result in dissociation (1o be shown in next
section). Thus occupation of the (3s. 4a,) orbital is
critical to the resonant dissociation process, and
clearly it is strongly antibonding. Throughout the
remainder of this paper. this orbital will sumph be
referred 10 as the 4a, orbnal in all the H.O
molecule systems studied

The next higher peak (peak 2) o fig. 4d results
from the la, — (np, 2b,) exatauon [S0.23]). Agan
the upper state is a mixed orbital, co~tanung both
Rydberg and 2b, valence antibonding characier
[50]. In all three cases where tius exatation peak 1s
visible (i.e. from the 3a,. 1b,. and la, imual states).
it is much narrower thas the 4a, peak. suggesung
a smaller virtual-orbital contribuuon. No evidence
for resonant H.O dissociation into radical frag-
ments is observed from this state. supporung this
conclusion [50). Finally. evidence does exist. both
theoretically and experimentally, that the 2b,
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Fig. 4. (a) Comparison of the PSD D~ yield and 10wl electron
wield for solid D-O as reporied in ref. {#). (b) Comparison of
the XPS spectrum for solid (solid live from ref. {46). dashed
Line from ref. {47)) and gas-phase [11] H,O. The spectra have
been shifted 50 that the principal peak is in registry with the O
K level in H.O(g) relative 10 the vacuum as indicated in part d
below. The numbered lines correspond to sbakeup satellites as
determined from the Cl calculations of Arneberg et al {11}
The numbers correspond 10 those in ref. [11] and those in table
2. (c) The electron Joss spectrum for HF gas as reporied in ref.
{55). The spectrur has been shifted in enerpy 50 that the F K
level 15 in regstry with the O K leve) of H,0(g) as given in part
(d) below. (d) The electron loss spectrum for H,0 gas as
reported in rel. {53). The O K Jevel relauive to vacuum is
indicated. The numbered loss peaks are discussed in the text.

orbital also mixes with the Kb, continuum produc-
.ing 2 shape resonance just above the threshold
[30). The broad weak maximum above the

thresbold in fig. 4d mayv be dve to this weak
mixing,

Peaks 3 and 4 in fig. 4d bave been attributed 10
Rydberg excitations. Peak 3 has been assigned 10
the la, — 3p excitation, peak 4 to the la, — 4s. p
excitations [50,53).

It has already been mentioned in reference 10
fig. 1, that the 2b, orbital drops out of the H.O
molecule and ends up on the separated bvdrogen
atom upon dissociation of H,O 10 OH and H [29].
This can be seen experimentally by comparing the
ELS spectrum of HF(g) [55) in fig. 4c with the
H.O(g) spectrum in fig. 4d. The HF molecule is
electronically equivalent to OH™, and thus it is
expecied to be similar to OH on the surface of Fe
or Ti (e, 2¢) [56] and UPS [57)] data. and theoreti-
cal calculations interpreting the satellite structure

for HF [58), all indicate 1t is similar to OH". In
any event, the ELS spectrum is not available for
the OH radical. In the HF spectrum, the absence
of peak 2, which was attributed to the la, — 2b,
excitaton in H.,O, is striking. The broad weak
maximum above the ionization threshold in H.O
is also missing in HF, supportng the suggestion
above that the maximum in H.,O arises from 2b,
mixing with the continuum. In HF, peak 1 arses
from the lo — 40 excitation, where the 40 orbital
corresponds to the 4a, in H,O (see fig. 1).

It seems clear that the 4a; and 2b. virwal
antibonding orbitals exist primarily below the
ionization thresholds. The partial channe] photo-
ionization cross sections are consequently free from
shape resonances, except for the verv weak 2b,
resonance mentioned above. This is in marked
constrast to the situation in CO where the com-
parable 60 antibonding orbital produced large
shape resonances in the ionization cross sections.
With the 60 orbital above the jonization threshoid.
the relatively fast 6o — ko resonant decay is an
important alternative decayv mechanism which
aborts the dissociation process {1]. This complica-
tien vet interesiing process cannot occur in H.O:
bowever. other complicating factors such as hvdro-
gen bonding occur in H.O which did no: enter in
Co.
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3. Comparison of dissociation and desorption vields
3.1. Core-level! excitarion

Molecular dissociation as 2 result of core-level
excitauon most certainly involves the Auger pro-
cess. This is true because even the resonant lay '4a,
state (which might be expected to result in dissoci-
ation because of occupation of the 4a, antibond-
ing orbital) will undergo a fast (10’ s ~') Auger
decay before the desorpuion gets underway. Thus
1o undersiand core-jeve]l molecular dissociation.
one mus! understand the Auger process.

The O KVV Auger lineshape for H,O(g) is well
known [$9]. Several theoreucal calculations exist
providing a detailed interpretation of the spectrum
[60-63]. It is sufficient here to note that just 48%
of the total Auger intensity results from n~2 hole
configuratiops (i.e. with both holes in the non-
bonding orbitals 1b} or 3a,). The remaining 52%
results from one or.two holes in a bonding orbital
(i.e. 5 'n~" or b2, where b = 1b, or 2a,) [6]].

The G KVV Auger ‘Lineshape for H,0(s) is
very similar 1o that for H.O(g). except for an
additional large peak at higher energy (64]. This
peak has been attributed 10 a possible splitting off
of eleciron density 1o higher energies as a result of
hvdrogen bonding. but the UPS spectrum in fig. 2
does not show such an effect. More likely, this
high energy peak results from delocalization of the
two holes. It occurs as a consequence of the bydro-
gen bonding and the broadening of the 3a, band
which was indicaied in figs. 2 af@ 3. A rough
esumate of the extent of delocalization of the n~2
boles can be obtained from the relative magni-
tudes of the hole-hole repulsion U}, = U,; in the
lone-pair orbiials (the 1b, and 3a,). and the lone-
pair band width V {65]. U, can be estimated from
the 323 Auger peak energy. Ey ;. (ie. U3al)=E,,
—-2Ey,,:) in H.O(g), giving 2 value around 14-15
e\’ 166.67). This is consistent with the value used
previously for oxygen lone-pair orbitals [65]. U, is
around S eV’ as determined previously for O lope-
pair orbitals separated by 2.5 A (the O-0 distance
in H.O(s) is 2.75 A) [65]. V can be estimated from
the width of the ione-pair peak in the H,O(s) UPS

spectrum. which is = 4-5 eV. Uulizing calcula-
"uons reporied previously for delocalization of O

lone-pair orbitals, these U),. U,5, and V' parame-
ters indicate a delocalized contribution of around
10% [65). It is difficult 10 estimate quantitativelv
the amount of delocalized contribution from the
Auger lineshape, since the Jocal and delocahzed
contributions are not completely resolved, but it
appears 10 be significantly larger than 10%. This
may arnise because of possible intermolecular charge
transfer to screen the valence holes 1 H,O(s).
which effectively reduced U,, [68]). This was not
included in the above analysis, since U,, was ob-
tained from the H,O(g) spectrum. In any event, it
appears that ip H.O(s) the lone-pair holes can

delocalize, thereby aborting the / iomb epxlo-
sion or dissociation of the H.C osecule. It is
unlikely that 5~'n~! or b~° ho  onfigurations
undergo much delocalization, sinc |, is Jarger in
the 2a, orbital and the 1b, bar  :idth is very
narrow.

Fig. 4a compares the PSD D° - .rom D,0

with the total photoelectron yield (f'PY) spectrum
[5). The corresponding data for H,O are not avail-
able but it is assumed the D,O spectra are identi-
cal in almost every detail. Before atiempting to
understand differences between the PSD and TPY
spectra, the source of differences between the TPY
and the la, constant initial state (CIS) photoelec-
tron vield (e.g. similar to fig. 4d) must be under-
stood. The TPY spectrum includes electrons at all
energies for particular photon energy, while the
la, CIS photoelectron yield includes only those
electrons with kinetic emergy Ey = hv - E,, .
Therefore, the TPY spectrum includes not only
those electrons from the la;' one-electron excita-
tion but also from shakeup processes (and perhaps
also from valence excitation and Auger processes).
The XPS spectra for H,O(s) [46.47) and H.O(g)
{11] in fig. 4b reveal the shakeup features which
enter above 550 eV. The principal XPS peak has
been aligned with the la; ' ionization threshold. It
seems clear that the broad maximum which ap-
pears in the TPY spectra around 558 eV arises
from shakeup, and not from the weak 2b, reso-
nance visible in the H,O(g) ELS spectrum. Peaks 1
through 4 in the H,O(g) ELS spectrum merge into
one broad peak in the TPY spectrum. This results
from broadening of the diffuse virtual orbitals in
the solid [5].
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Several attempts at interpreting the XPS
shakeup spectrum, utilizing a wide vanety of theo-
reucz! techniques, have been reporied in the litera-
ture {11.69-72). Table 2 summarizes these resuits.
Although the results are not in quantitative agree-
men: (for reasons similar to those discussed in
reference to table 1), they consistently inidcate two
primany shakeup transitions are the 3a, — 4a, and
1b, — 2b. transitions. These both involve one of
the virtual antibonding valence orbitals. The re-
maining transitions may be characterized as
shakeup from a non-bonding orbital 1o a Rydberg
orbital. . e

Table 3 gives a summary of the possible initial
core excitations, based on the conclusions above.
Possible subsequent Auger hole configurations are
also indicated. This information is belpful in un-
derstanding the differences between the PSD D~
vield and the TPY spectrum. In table 3, those
Auger final states expecied to lead 1o dissociation
in H.O(s) are underlined. These determinations
anucipate some conclusions made in the next sec-
tion. as well as ope indicated above. They are: (1)
the 1t states n~' and b~' are ineffective for
descrpuon in H.O(s) because they have insuffi-
ciez: iifeurnes: (2) the 2b states b~ 'n~} and b~*

produce desorption and the n~? states do not for
reasons indicated above; (3) all 2hle states oc-
cupving the virtual and strongly antibonding 4a,
orbital dissociate; those occupving a Rvdberg or
the 2b, orbital dissociate only if one of the holes
occupies a bonding orbital; and (4) all 3h and
3ble states dissociate because of the large
hole-hole repulsion. Table 3 includes Auger final
states in which the shakeup electron acts as a
spectator, a participant in the Auger process. or 2
paniicipant in the shakeoff-Augér process. It is
estimated that the relative probability for each
process decreases in the order listed. The percent
Auger intensity for 07 or b~ 'n~! +b~% is also
given as determined for H,O(g) [61]. It is assumed
this relative intensity does not change appreciably
in H,O(s), and that they hold whether a virtual
orbital is occupied or not.

Ap important result from table 3 is that the
laj'4a,, lay'3a7'4a,, laj'lb; '2b;. and
la~'n~'R core states have a greater probability
for eventual H.O dissociation than do the 127 'R
or lay 'kl states. This conclusion is based on the
overall pumber of underlined Auger final states,
and in particular, on those in which the shakeup
electron acts as ¢ spectator. This result accouats

Tabie £
H.O XPS satelbite results (AL is the energy shift in eV from 2a; ' peak: / is the percent intensity of 2a; ! peak. ie. 227 = 0/100)
Shakeup AE/]
feature a) b) Py d) ¢
. . 4 17.07* 19.76 16.00 17.38 14.86
(2~3) 32 = 4a, 0.61 36 0.15 2. 21
2% 20.08 2251 22.02 20.38 19.88
(4=3) 1b, = 2b, 117 05 137 02 03
- 23.57 22.46 24.72 26.56 2422
(6=7) b = b 3.33 05 s 64 109
.. 24.54 23.45 22.93 27.19
(8 3a, =3, 097 52 132 04
o) 3a. — 63 2830
(9) 53, = 64, 1.66
e s - 28.42
(12~13, 3a. =~ (7a,, 8a,) TEs
. 35,84
(14 1t —~ 4b, o=

) Arneberg et al. [11]. SCF CI sudden approumation (1700 ionic configurations); numbers at left rafer 1o fig. 4b.
P W anigren [69). equivalent cores-improved virtual-orbital technique.

¢ Svenssor et al. [70]. open shell SCF and internal Cl calculation.

¢ Ceaerpaum et & [71). 2pb-TDA Green's function with boson spproximauon (assignments above are indefinite).

Tt Crever e: al ["2] X e-SW calculauons.
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Table 3
Summan of possible initial core and final Auger suates in H,0
intua siate Final swtes *!
'eaciZuOD energy. €1 VO spec. ! VO pan. ! VO shakeoff > % Auger’
la; '4a, n~%aq, n”! n~? 42
(534.2) b7'n" 40, b=! b=in~!
L33
b™%40 L i
la; 'R =R p”! n”* 42
(536-540, b~ 'n" 'R b-! b~!n"! -
S8
b~2R b2
Va7 ki o-° &
(539.9) b 'n!
58
b‘?
Ja7'A"'B® n=4='B =AY n=3g") )
(> 550¢eV) b~ 'n"'4"'B b4 b 'n=ig !
EEE— - - 58
"4~ '8 b4

“' n.b. and R represent non-bonding. bonding. and Rvdberg orbiwals respeciively, bence o = (1b, or 3a,). b= (I1by or 2a,), and
R = anv vinual orbital (VO) other than the antibonding 4a, valence orbital. Underlined siates ase expecied 10 result in H,0

dissociaudn in ice.

®’ The wniual state can decay via three different processes: (1) the virtual-orbital electron can semain as a spectator (VO spec.). (2) the
virtual-orbital electron can paricipaie in the Auger process (VO pari), or (3) the virtual-orbital electron can suffer shakeoff along
with the Auger process (VO sbakeoff). They are believed 10 be lisied in the order of imponance. ie., (1) > (2) > (3).

©' Percent of the tola! Auger intensity attributed by the indicated process. See tex: for further explanaton.

¢ 1a7 ‘A"~ 'B represents any of the ionization plus shakeup excitstions, ie. 1a7'3a7 '4a,, 12716 '2b; or 1a7'n " 'R,

® g~ 'A should be under lined for the case lay 'Iby '2b,.

for the sharp shoulder at 534 eV in the PSD D*
vield (i.e. the lay '4a, PSD intensit$ is enhanced)
and the larger PSD intensitv above 550 eV com-
pared, the TPY spectrum. The ratio of the 558 eV
peak intensity to the 536 eV peak intensity in the
PSD and TPY spectra are (Jss3//s36)psp = 0.7
and (Jss5/1s3¢) Tpy = 0.5. These ratios are qualita-
tively consisient with the results in table 3.

The difference between the PSD and TPY spec-
trz below 540 eV bas been previously attributed to
another mechanism {5). This mechanism involves
differences in broadening of the virtual orbitals
depending on the molecular coordination. In this
context. the PSD spectrum is interpreted as reflect-
ing the electronic structure of surface molecules,,
whick may be expected to undergo lower coordi-

‘natioz and hence reduced broadening. On the

other hand, the TPY spectrum is regarded as
reflecting bulk-like electronic structure and hence
greater peak broadening. This differential virtual-
orbital broadening mechanism cannot be ruled out
here, but it seems doubtfu]l whether this mecha-
nism can account for the much larger peak inten-
sity in the PSD specirum around 532 eV. and it
definitely does not account for the larger intensity
above 550 eV, The differential final state decay
mechanism. proposed in this work. accounts for
the larger PSD intensity in both energy regions.
The conclusions above were amved at jor
H,0(s). Since the interacton with the adsorbate
for molecularly cbemisorbed systems is relatively
weak, they are bebeved 10 be appropnate also for
these systems. although no experimental core-level
PSD data for (H,0),/M have been reported. The
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larger relaxation energy, apparent {rom the re-
duced 1= and 30 binding energies in fig. 2, sug-
gesis a sironger interaction between OH and Ti.
Indeed. the reduced binding energy may reflect a
metal 10 OB charge wransfer as a result of the
valence ionization. A large charge transfer in the
Auger final state may substantally reduce U*, and
drasucally reduce the OH dissociation cross sec-
uon. This effect is experimentally observed for
chermnisorbed CO and NO [73]. No core-level PSD
data are available for OH /Ti.

3.2. Valence-level excitation

As one might expect, the dissociation of H,0(g)
as a result of valence exciiation has been exten-
sively studied utilizing a variety of experimental
techniques. These studies include dissociative pho-
toionization of H.O [8.9,94). dissociative excita-
uon of H.O by eleduon impact [75). dissociative
ionization of H.O by electron impact [76]. dissoci-
auorn as a result of He™ impact at near thermal
energes {17). ultraviolet emission in O™ + H, reac-
tive scattering [78), and (e, 2¢) and (e. e+ ion)
studies [10). These data complement each other,
and are in surprisingly good agreement. Only the
more Tecent and complete (e, 2¢) and (e, ¢ + ion)
data are presented in fig. 5 [10]. The
OH(A*="-X *II). H(Balmer B), and O(3p°P-
3538°) emission cross sections as a function of
eiectron-umpact energy are in surprisingly good
agreement with the data in fig. 5, which indicates
that excitation into Rvdberg states”produces dis-
sociatior, via a mechanism very similar 10 that for
iopization [75). From plots of the appearance
potertials (AP) of H™ ions as a funcuon of their
kinetic energy (KE). Appell and Durup [76] di-
vided the H™ producton from electron impact
into six jon groups. These are summarized in table
4 and compared with the electron-coincidence re-
sults from fig. 5.

The assignments of Appell and Durup were
made primarily on the basis of a correlation dia-
gam [78] such as that in fig. 6 and the H,O~
poteritial curves such as that in fig. 7a. These
indicate the excitation energy of the excited states

. it the ground-state Franck-Condon repon. The

excitauon probability of the excited siates. or the
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Fig. 5. (3) PSD H” ion yield for H,0 on Ti(001) at 90 K as
reponed in ref. [7). The H,O apparently dissociates on the Ti
surface at this temperature. (b) Companson of the PSD H “-ion
yield for molecular H,O on GaAs(1)0) and condensed (solid)
H.O as reponed in refs. [6.4) respeciively. (¢) Oscillawor
strengibs for ion production (K=, OH™ or 0) as dererouned
by (c. 2¢) and (e. e~ ion) data [10]. The OH* and O~ oscillawor
strengths have been normalized by experimentailv-determined
fragmeniation raios H*/OH™ and H*/0" respectively for
casy comparison {10). The pormalized (H*/towal ions) 2a,
branching ratio is also indicawed [10]. The vertical arrows
indicate the 1b, and 2a, binding energies.

probability for aliernative decay of these excited
states, was not quantitatively considered. Further-
more, the apparent AP energies from electron
irnpact are consistently smaller than those ob-
tained from the coincidence data in fig. S. This
discrepancy it energy is believed 10 be primarily
responsible for the difference in assignments be-
tween Appell and Durup and those preferred here.
Nevertbeless. the importance of the 2hle states is
realized already in their work.

There is no doubt about the (1b; ') *B, assign-
ment for the first contribution with AP in the
region 18-2] eV. This assignment is confirmed by
the similarity of the 1b:! partial oscillator strength.
and the OH"- and H"-ions vields in this region
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Table &
Electror. impac: and (e, 2¢)(¢. e +ion) results for H” producuon from H,0
lon group KE (V) AP (ev) Prelerred AP (eV) KE (eV) Preferred
A-D" Tange range assignment range, (e.e+ion) "’ assipament

A+D* A+D" A+D®% fig. § tus work
1 0-1.2 18.7-21 (1b5 )R, 18-2) 0.4 (157 ')’ B.
24 0-4.0 20.7-24 157 '3a7 'Réa, 21-25 (b '3a7'aa,)'B,
[ 4.0-7.0 23.4-275 (1b; 327 '4a,)?B, 26-31 (b7 %42, )%,
6 1.6-42"% 27.0-31.8 )by '3a; '4a,)?B, 31-36 “(2a7 ')A

. or (1b] %4a,)3A,
47-51 double iomzauon ¢’

¢) Appell and Durup ref. [76].
*' Ehrbardt observed a range from 1~7 eV for this contribution [75).
© Ref. [10}.

(see fig. 5) [10]. The dissociation must result from
a predissociation process, since the (1bs') ?B,
potential curve itself is attractive at these energies
[79]. The predissociation results from the curve
crossings with the {1b; '3a; '42,) *B, and ‘B,
states. which correlate with the OH(X 1)+ H"
and OH (X *I7)+ H fragments respectively, con-

sistent with the production of OH* and H" ions
(figs. 6 and 7). A curve crossing also occurs with
an ‘A, state. which comelaies io G*(*S,)+ H.
fragments and provides for O™ production: how-
ever, little O™ production is seen in this region.
This is apparently because this curve crossing oc-

34
1207 %,
320k, ..---_i'__.'_---- OHeH® o
30~ {ip72ag24, -~
(lb,"SuT'Qo,)z B
o8
26

O'l‘Su)oﬂz

ENERGY {eV ABOVE GROUND STATE)

6 P~
< -
12 YRS ] -
Ic
(OaHy)” K20 Cay (OH+H)®

Fig & Corvelation diagram for periinent staies of H,0% as
oblaned from rel. [78]. The suates which correlaie 10 the
237 ' *A state are not cenain. bowever the fragmentavon daws
suggest it correlates to O~ <+ H. and OH+H" like suates [10).
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R(OH) (Bohr)
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Fig. 7. Comparison of some of the pertinent theoretical poten-
tial curves for H,0" and OH [49.93) The H.O suies are
labeled according 10 the C, point group. The H,O and OH
energy scales have been shifted so that the potenptial minimum
of the (1b] ')°A” and (1=~ ') %= curves align with tbe corre-
sponding experimental ionization energies in H.O(g) and
OH /Ti respectively. The experimental (227 ') °A’ and (2¢~')?S
ionization energies are also indicated.
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curs far from the FC region making it an improba-
ble event [30-37}. A most important observation
from the point of view of this work is the slow rate
(10° s~') of the predissociation process as de-
termined from theoretical calculations {80]. It is
many orders of magnitude less than the rate
(10'3-10" s~ 1) for direct dissociation from a rep-
ulsive potenual curve. Nevertheless, in the gas
phase where no other decay mechanisms exist, the
process occurs with high probability. This is not
the case in condensed systems as will become
evideni below.

The H™ contributions with AP equal 10 21-25
eV and 26-3] eV in fip. 5 are assigned here to the
(1b; '3a7 '4a,) *B,"nd (1b]%4a,) A, 2hle states.
These two states are these in 1able 1 with an
excitation energy significantly below the 2a7 ! state,
as discussed in section 2. Whereas the AP (fig. 3)
and the binding energy (table 1) for the 1bj *4a,
state align properly, the binding energy of the
(1b]'3a7'4a,) ?B, state] estimated 1o be around
2% eV from the SCF calculations of Leclerc et al.
[49). is significantly above the 21-25 eV AP. This
fact lead Appel and Durup 10 suggest the involve-
ment of the Rvdberg states, 1b; '3a] '4a,R, con-
verging to this same ionic state [76]. However, the
calculations of Leclerc et al. do not include, elec-
tron-correlation effects, which might lower the
binding energy of the ionic state by 2 or 3 eV [49).
The (1b;'3a7 '4a,) 2B, state does correlate 10 the
proper E*+ OH(X *II) and O*(*D)+H, frag-
ments, providing 2 direct mechanism for the ob-
served O~ and H*” ions in this regidh. The relative
magnitudes of the 21-25 and 26-31 eV H” contri-
butions are also consistent with these two assign-
ments. Nevertheless, until further calculations are
reported. tbe 2B, assignment will remain some-
what uncertain.

The H™ contribution with AP of 31-36 eV (fig.
2) is assigned to the (“2a7'™) %A, state consistent
with the 32 eV binding energy of this state (fig. 2).
Fig. 5 also compares the 2a, CIS photoelectron
vield with the O~ vield above 35 eV [10]. They are
both in good agreement with the H” vield between
32 and 57 eV confirming this assignment. Al-
though Appell and Durup [76) mentioned the 2a7!
. state as a source for their ion group 6. it was ruled
out on the basis of their observed AP of 27-31.5

eV, which is 4 eV below the value determined from
the coincidence data in fig. S. It must also be
mentioned here again that the 2a7' configuration
mixes heavily with many 2hle configurations (ta-
ble 1 and fig. 2), so that here the entire group of
states is referred to as the “2a; '™ spectroscopic
state.

Fipally, the appearance of an additional H-
contribution with AP around 47-51 eV has been
observed only in the coincidence data. It has been
attributed to dissociative double jonization [10] (or
tonization plus shakeoff).

Comparison of the ion-yield spectra for H.O(s)
[4). (H;0),,/GaAs [6], and (H,0),/Ti [7]. with
that for H,O(g), reveals some dramatic dif-
ferences. Most important, primarily H* ions are
observed from these condensed-phase sysiems.
Very little OH®, O*, or even H,0" (eg
H,0"/H" < 1000) is seen [7], although H*(H,0),
cluster ions have been observed at higher tempera-
tures (¢.g. clusters of from 1 to 9 water molecules
have been observed from H,O(s) at 193 K) [83).
The latter phenomenon bas been interpreted in
terms of H,O clustering about an energetic H™
iong. Presumably the escape probability of these
very heavy H*(H.O), ions is negligible at lower
temperatures because of an increased potental
barrier. This may arise from an observed decrease
in the conductivity and increased negative surface
charging of the ice surface [83]. The near lack of
OH" and O" ioms from all of the condensed
systems is believed to arise from the large compeu-
tive excited-state decav rates, which decrease the
escape probability of the heavier (relauve 10 H™)
ions [2]. These decay phenomens arise from inter-
molecular covalent bonding interactons (i.e. ad-
sorbate~substrate or H-bonding interacuions).
which allow intermolecular charge transier such as
resopant charge trapnsfer or one and two hole
bopping (reneutralization) [1-3). The latter is con-
sistent with an 1sotope effect observed in several
systems [84).

Fig. 5 compares the H " ion-yield spectra for the
condensed phases with that for H.O(g). The ab-
sence of the 1b; ' contribution in all three cop-
densed pbases 1s most conspicuous. This arses
because of the slow 1b7! predissociation raie {80]
(=10° s~') compared with the intermolecular de-
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cayv rates [3] (=10'* s~') mentioned above. The
ions wields for (H.O),,/GaAs and H,O(s) have
not beet reported for energies above 30 and 35 eV
respecuvely, thus contributions above these en-
ergies (e.g. from the 2b states) cannot be ruled out.
Nevertheless it seems that the “2a7'” contribution
with threshold at = 32 eV does not appear in the
condensed phases except possibly for (H,0),/Ti.
This may occur because of the absence of H
bonding 1in the latter system for less than
monolaver coverages, although other interpreta-
tions are discussed below. For (H,0),,/GaAs and
H.O(s). the broadening of the a, bands (as in-
dicated in section 2) increases the “2a; '™ width,
and bence the intermolecular hopping rate. The
2hle contributions at 24 and 3] eV appear in all
three condensed phases. Apparently the inter-
molecular hopping rates are not as large in these
three panicle states [3). Some reduction in the
H--ion vield from tbese 2hle states is apparent
however. particularly for small coverages on metal
surfaces {7.39).

4. Discussion
4.]. The H,0(sj and (H0),,/ GaAs ion yields

Several items should be mentioned concerning
the spectral line shapes of the ion yields. First, the
fine structure seen in the 2hle contributions of the
H.O(s) and (H,0),/GaAs ion yield spectra is
apparently real i.e. it is reproducibfe. lts source is
pot clear. The structure between 21 and 24 eV in
the (H,0),/GaAs spectrum is similar to that
observed in the secondary electron yield (SE yield)

and in the reflectance spectrum from GaAs(110)
{6]). These latier spectra are believed 10 mirror the
density of staies of the conduction band (CB) in
bulk GaAs, since the spectra are interpreted as
arising from Ga3d, ,.s,, = CB transitions [6].
From this information. Thornton et. al. [6) con-
ciuded that the H* ions arise po! from intramoiec-
ular 2hle excitations in the H.O molecule, but
from an Auger-tvpe mechanism involving the
Ga3d, ;.. substrate core levels. They also in-

_dicated dissociative adsorption of H,O on

GaAs{110). forming Ga-H bonds. This was neces-

sary to explain the H™ desorption as a result of the
Ga core-levei excitation indicated above. Three
facts argue against this interpretation: (1) two
additiopal peaks at hv = 19.3 and 19.8 eV in the
SE yield have been atributed 10 Ga3d, 5, ,; =
surface exciton transitions; these peaks are not
present in the H” yield spectrum [6). (2) the UPS
spectrum indicates the H,0 is not dissociated (sec-
tion 2), and (3) the similarity of the fine structure
in the H,0(s) and (H,0),/GaAs H"-ion yields
indicates the fine structure arises from a source
other than the GaAs conduction band states. Since
this fine structure is apparently absent in H.O(g).
it may arnise in the condensed phases from the
intermolecular H bonding (i.e. reflecting the H.O
“conduction band” states).

4.2. The (H,0),/ Ti ion yield

The similarity between the H*-yield thresholds
from (H,0),/Ti and from the molecular H,0
systems is perhaps surprising in light of the UPS
spectra which showed relatively large differences.
The potential curves for H,O and OH are very
similar bowever, as compared in fig. 7. Note that
the curves for OH are given rather than for OH*
[85). This allows a more direct comparison be-
tween the curves, since both systems contain a
single valence hole and hence have the same mulu-
plet states. OH is also more appropriate than
OH", since some charge transfer from the ab-
sorbate probably occurs in the case of OH/M. In
any event, the OH valence orbitals of the OB /Ti
system are fully occupied like in OH ™.

The H,O curves in fig. 7 are obtained from
LCAO MO SCF calculations {49]. they compare
favorably with more limited but more accurate
results for H,0 in the literature [86-92]). The OH
curves are obtained from AO CI results {93} they
also compare semi-quantiatively with more limited
but comparable results for OH [94-96). The exci-
tation energies of these potential curves have been
scaled so that the (1b;') A" and (1=~') *IT states
agree with the experimental first ionization poten-
tials in H,O and OH/Ti respectively (fig. 2).
Potential curves for either the (2a7') °A state in
H,O or the (207') 2X in OH are not available,
and only the experimental energy in the ground-
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state FC region is given in each case (fig. 2). All of
the 2hle siates are repulsive in each case. indicat-
ing their possible effectiveness in dissociation. The
(1b7°4a,) A" state in H,O has an excitation
energy of = 27-28 eV in the FC region, which is
consistent with fig. 5. The (1b; '3a7 '4a,) °A” and
‘A’ potential curves lie below the (1b; %4a,) A"
curve in the FC region. which is also consistent
with fig. 5. According to.fig. 7. the }= 340 poten-
ual curves have energies just below 20 eV in the
FC region, which is lower than that indicated in
fig. 5a. however, the strong bonding of the OH
with the Ti is not accounted for in these gas-phase
potential curves. Note that the (1b; %4a,) A and
(1b7'3a7'4a,) states of H,O merge into the
(127 %40) states of OH, thus only one 2ble contni-
bution is expected for OH /Ti as observed.

The similarity of the PSD iop yield thresholds
and relauve peak intensities from OH/T: and
H.O(g) provide a strong argument for the 1=~ %o
and 207 '” assignments with thresholds at = 23
and = 33 eV respectively. However, the difference
above 33 eV in the ion-yield spectral lineshape
from these two sysiems cannot be ignored. Indeed,
the H™-ion vield profile from OH/Ti above 35 eV
is remarkablv similar to the O~-jon vield from
O,/Ti and the SE yield spectrum from Ti [97).
Based on this comparison, Stockbauer et al. [7)
auribuied the H™ yield above 33 eV 10 an Auger
mechanism involving the Ti 3p core Jevel, and
assigned that around 23 eV 10 the Auger mecha-
nism involving the 20 level. Their assignments are
supporied by Weng and Kammerer [97] who found
similar ESD H"-ion vield thresholds from a mix-
ture of H. and H,O adsorbed on O contaminated
Nb(100) and Ta(110). In his work. two thresholds
were also found. one at = 22 eV yielding 2 eV H™
ions and auributed to the O(2s) core level; the
other at 28 (31) eV gving 6 (4) eV ions and
auributed to the Ta 4f (Nb 4p) core level at 2%
(23) eV. In contrast to Stockbauer et al. [7] Weng
and Kammerer suggested that the 28 (31) eV
threshold may result from H-M bonds rather than
from OH species.

Suppont for the 1=~ 40 and *“20~'" assign-
ments. on the other hand, can be obtained from
other data. The PSD H*-ion vield from (H.,0),/Ti
is similar in many respects to the O -ion weld

..

from CO/Ru [97). In CO/Ru, the initial O*
threshold occurs around 22 eV and is attribuied to
the S0~ 260 state, followed by a much larger con-
tribution at 29 eV atribuied 10 the “30” '™ state
{1). The 507260 and “30~'" states in Co are
directly comparable 10 the 17~ %40 and “2¢°'"
states in OH. No Ru-core levels exist around 29
eV, 50 DO uncertainty exists as 1o the “30”'"
assignment for CO/Ru [1). The ESD of H= ions
from “SiOH” also revealed thresholds at 20 and
33 eV [99], where again no Si-core levels exist. vet
these two thresholds are comparable to those found
for OH on Ti, Nb and Ta. The similarity of the
H™ threshold enerpgies, in spite of the changing
Ti, Nb, and Ta core-level energies in this region.
also suggests that the core jevels are not involved
here. Finally, the H*.jon kinetic energies obtained
from OH on Ti, Nb, and Ta, which are dominated
by the contribution with threshold at 28-33 eV,
have a broad distribution extending from 0 10 7-9
eV and peaks around 3.5-6 eV [98,7]. This is
similar to that obtained from dissociation of
H,O(g), where the dominant contribution defi-
nitely arises from the “2a7'" final state [76).

Tbe similarity of the H* spectral lineshape from
OH /Ti above 33 eV 10 both the O“-ion vield from
O,/Ti and the SE yield spectrum from Ti provides
a strong argument for the O(2s) and Ti(3p) assign-
ments [97]. Furthermore, the desorption thresholds
at 22 and 33 eV align nicely with the O(2s) and
Ti(3p) binding energies (relative 10 the Fermi en-
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ergy) [7,97). How can these facts be accounted for
consisiently within the 12 40 and “20™'" as-
signments suggested in this work? Consider first
the “20~'" binding energy question. Relative to
the Fermi level, ia. ‘ 20™'" binding energy falls
around 24 eV, much closer to the 23 eV threshold
than the 33 eV threshold. But in H,O(g). tbe
“2a;'” binding energy is around 32 eV relative 1o
the vacuum. This difference is due of course 10 an
= 5 eV work function and an = 2-3 eV relaxation
shift. 1t is important 10 realize however that the
“20~'" photoionization spectral profile does not
shift accordingly. To first approximation, the pres-
ence of the Ti substrate merely allows ionization 10
occur at a Jower energy; its jonization threshold is
shified (e.g. in fig. 44, the 12, ionization threshold
indicated by the hatched line merely shifts to
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lower energy on the same spectral lineshape). Thus
excitations frorm the O(2s) orbital to the Rydberg
or virtual orbitals. which in H.O(g) may result in
neutral dissociauon (H + OH) or no dissociation
|50). now results in ionization which may yield H*
desorption. This suggests the possibility that the
22 eV contributon in fig. Sa may result from lhle
states (e.g. 20~' 4o states) rather than the 2hle
states: however, this is pnlikely because calcula-
tiors in H,O(g) indicate that the 227! excitation is
unique in this instance [50). The Rydberg and
virtual-orbital excitations from the 2a7' are much
weaker than from the upper valence or la, orbital
(1.e. peaks 14 in fig. 44 are an order of magnitude
smaller in the 2a7’ photoionization cross section)
[50}). This suggests that although the “2¢~'™ O~
jon yield may extend down to 22 eV, it decreases
uniformly with decreasing energyv in the 22-33 eV
region, with the peak at 30 eV arising from the
2hle states.

In addition 10 the shift in ionizauon threshold,
the presence of the Ti may alier the “20~'"
pbotoiomization lineshape. Calculations [S0] and
experiment (fig. 5¢) for H.O(g) indicate that the
broad and unstructured (2a;') %A, photoioniza-
tion profile is generally O 2s — kp like with the H
aloms having lLittle effect. However, strong O-Ti
interactions may alter the “20~'" profile by the
introduction of a resonance, or other structure,

making it appear more like the SE yield from T

and O~ yield from O,/Ti, since all three under
these circumstances mirror the final density of
states of the Ti-O (or Ti~OH) system. Finally, the
Ti to OH charge transfer which occurs upon ioni-
zatios of OH (section 2), may introduce large
shakeup transitions similar to those discussed in
section 3 for the O K level in H,O(g). This would
have the effect of increasing the ion-desorption
vield =20 eV above threshold as discussed in
section 3. and thus may also contribute to the peak
around 40 eV in the OH /Ti PSD H" vield.

I seems clear the further work is required to be
definite. on the assignments of the two H=-ion
vield peaks from (H,0),/Ti. If indeed the Ti core
level is involved in the H -ion wield, it would be
most interesting. The PSD H“-ion vield is ob-
tained only in the presence of OH (i.e. H/Ti or
H/Ti - coadsorbed O does not give a PSD H*

I M e N

D.E. Romaker / Phoion - stimulated dissociasion of H-0

yield [7]. vet 10 date no otber instance is reporied
where desorption of & fragment jon arises from the
excitation of an aiom which is not bonded 10 or
part of the desorbing fragment [7). Nevertheless,
this mechanism cannot be ruled out on this basis.
Indeed, both the O(2s) and Ti(3p) excitations could
both be parually responsible for the larger H*
contribution above 33 eV. This work assumes the
2hle and “20~'" assignment for the reasons. indi-
cated above. )

§.3. The “2a; ! "desorption mechanism

In the context of discussing the “2a;'™ (or
“207'") ion contribution [its presence is indicated
in either assignment above and it definitely arises
in H,0(g)], the “2a7'” desorption or dissociation
mechanism should be discussed. The 1b;! state
predissociates, the 2hle staies are clearly repulsive,
but the desorption mechanism of the 227! state is
not @ﬁr It was indicaied in secton 2 that the
2a;7’ state contributes only =20% to the total
H-0O bond energy, and that generally it is char-
acterized as a core orbital. Definitely the 2a7!
potential curve is not repulsive. but it mayv be
shifted sufficienty so that a FC excitation from
the ground state resulis in an excitation energy
above the 2a; ! dissociation limit (the MGR mech-
anism). As indicated above, the theoretical 2a;’

potential curve is not available in the literature,

The strong mixing with the more repulsive 2hle
states. which occurs in a full CJ calculation. may
be much more instrumental in bringing about the
“2a7'" H* contribution. In particular, the highly
repulsive 3a7%4a, state is the nearest in energy 10
the 2a;! configuration and undergoes the heaviest
mixing. Let us assume for the purpose of this
discussion that these are the only two states in-
volved, thus

¥, = N(2a7' + c3a;%4a, ).

When ¢ equals zero, neither state ¥, nor v results
in desorption because y, must then produce de-
sorption via the MGR mechanism which we as-
sume is not active, and v, is not excited because
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the 3a; °4a, photoexcitation cross section is zero.
As ¢ increases. \, becomes more repulsive and v,
gains an increased excitaton yield. As ¢ ap-
proaches one. both v, and y, may produce desorp-
tion almost equally. Thus CI mixing is very instru-
mental in the desorption process with the dissoci-
ation mechanism a 2hle process and the excitation
mechanism a 227’ one-clectron excitation. In this
picture the *2a7 '™ contribution is really a 3a; %4a,
2hle contribution like the other 2hle contri-
butions. Hvdrogen bonding apparently broadens
all a, orbitals [26.27] so that the 3a;%4a, and 2a;"’
states, and mixtures of them, become sufficiently
sbort lived to abort the desorption process. The
3a7'1by 42, and 1by %4a, 2hle states involve only
one or no holes in the 3a, orbital, so hydrog: -
bonding does not affect these states as dramati-
cally.

At Jeast three other desorption mechanisms have
been suggested for the “2a7'"” contribution. As-
suming the 2a7' siate is core-like. Auger decay
might be expected to result in H™ desorption
similar 1o4the KF type ‘mechanism (7). However,
the 2a7' state does not have sufficient energy for
Auger decay since the lowest 2b state has a larger
excitation energy [100). Laramore [66) theoretically
estimates the lowest 2h state (327 '1b7!) to have
an energy = 5 eV above the 227 !, the large energy
resulting from a2 = 10 eV hole-bole repulsion, U*.
The coincidence data in fig. 5 also indicate that 2h
contributions appear significantly above the 2a;’
energy [10]. Recently. Laramore [66) suggested a
resonant Auger-type process might cccur to the
3a7*4a, state. which then dissociates. Laramore
suggests this state lies 1.4 eV below the 2a7 ! state;
this can bc compared with the CI results in table 1,
which indicates a walue more ke 4—5-eV. In any
event. the excess energy of the 2a7 ' state must be
absorbed by the non-electronic degrees of free-
dom. such as vibration and rotation. if the reso-
nant Auger process is to occur. Finally, an essen-
tally identical mechanism 1o the 2ble Cl mixing
meckhanistw bas been proposed by Melius et al
[101] but discussed in the language of predissocia-
tion. In this context. the many 2hle states above
the 2a7' state in the FC region may enter. since
the 2hle states are generally more repulsive than
the 2a;' state. It follows that the 2hle potential

curves probably cross the 2a7' curve at larger
internuciear separation. allowing for the predis-
sociation via an internal conversion process.

Which of the five described mechanisms seems
most feasible at this point? The MGR mechanism
is not considered feasible. The normal Auger
mechanism is climinated from consideration by
the energy arguments above. The resonant Auger.
the Cl mixing. and the predissociation mechanism
all involve the 2hle states, however the mecha-
nisms for excitation of the 2hle states are differ-
ent. The resonant Auger and predissociation
mecbanisms involve the puclear degrees of free-
dom such as vibration and rotation 10 produce a
“resonant’ process (i.e. 10 either absorb an excess
kinetic energy or produce the curve crossing). The
iglusion of the nuciear degrees of freedom suggests
relatively slow processes with rates of the order of
the desorption process itself. The CI mixing pro-
cess is instantaneous, and is therefore reflected in
the XPS “sudden™ limit for shakeup. It is impossi-
ble at this point to determine that one mechanism
is dominant over the other, but it is clear that the
C] mixing mechanism is responsible for the
3a7'Ib; '4a, and 1b] %4a, contributions at 22 ¢V,
since they are reflected by the shakeup satellites.
Therefore. it does not seem necessary at this point
10 invoke another mechanism for the “2a;'" con-
tribution.

5. Summary and conclusions

The results of this work can best be summarized
by fig. 8. It indicates the branching and fragmen-
tation patterns for H,O in the various phases
studied. and assurnes the “2¢~'" contribution as
discussed above for OH /Ti. Quantitative fragmen-
tation ratios for H,O(g). as obtained from electron
coincidence experiments [10] are also indicated.

The following conclusions can be drawn from
this waok.

(1) The 1b; ! state, which fragments H,0(g) via
a predissociation mechanism, is not effective in the
condensed systems because of faster intermolecu-
lar decay mechanisms for the 1b; ! state.

(2) Excitation of the “2aj'” state produces a
large H™ contribution in H,0(g) and perhaps the
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Fig 8§ Summary of PSD results for H,O(g). H.O(s). and
molecularhy chemisorbed and dissociated H,O on metals (e.g.
OHR on Ti assuming the contribution above 32 ¢V arises via the
“26”'" excitation). The various excited states are indicated in
order of increasing excitauop energy. For H,0(g), the expen-
menta! fragmentation ratos are indicated |10). Dotied lines
indicate small contributions (i.e. small branching or fragmenta-
uon rauos). (H.O),; or (M-OH)" indicate no desorption

“20”'" for OH/M, but the actual desorption
mechanism 1s not clear. Hydrogen bonding
eliminates the “2a7'" contribution in H,O(s) or
H.O/M by agawn providing an increased inter-
molecular hole bopping rate.

(3) Toe 2hie mechanism is the only active
mechanism in the condensed hvdrogen-bonded
svstems. bowever evidence does exist indicating
that the absorbaie—substrate itneractions may also

reduce the 2hle-ion vield.
(4) Whether the 2hle state is excited by core

bole Auger decay, or by CI mixing. occupation of

the 4a, antibonding virtual orbital (i.e. le = 4a,) is
critical 1o the desorption process.

Comparison of these results for H.O with pre-
vious results for CO reveals they are surprisingly
similar [1-3]. The following correlations can be
made. .

(1) The active 2hle swates, 1b;%4a, and
3a7'lb; '4a,, in H,O are comparabie 10 the 5¢°°
60 state in CO.

(2) The 227! state in H.O is comparable 10 the
30 state in CO In the gas phases both produce
large ion yields (H*/H,0 or O~ /CO) but mix in
heavily with tbe 2hle states.

(3) The 4a, orbital in H,0 is comparable 10 the
60 orbital in CO; however here an important
difference arises. The 60 orbital is so antibonding
it lies above the continuum threshold, while the
4a, orbital although antibonding lies well below
the continuum. Thus resonant decay is not im-
portant in H,0.

(4) Core-level PSD occurs via the Auger pro-
cess in both the gas and solid phases of CO and
H,0. However, here the chemisorbed CO data ase
used 1o predict results for chemisorbed H,0, since
experimental data are not available in the litera-
ture. CO and OH are expected 10 behave similarly,
botb allowing substrate charge transfer to reduce
U* and reduce the desorption cross section. How-
ever, this reduction is expecied 10 be much less
dramatic in OH since no empty = orbital exists
just above the Fermi level as in CO. In molecularly
chemisorbed H,O, this charge transfer is not be-
lieved 10 be effective so that large core-level PSD
is expected.

The resulis obtained for H,O can be gener-
alized and exiended to other systems. For exam-
ple, H,S is expected 10 behave in a2 manner similar
to H,0, indeed the H,S data which is available
indicates the presence of the same 2hle type satel-
lites in the pbotoemission or (e. 2¢) data |[102).
Application to various alcohols, such as CH,OH
and C,H,OH, is also. feasible with certain modifi-
catinns. Such studies are underway.
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